Neuroimaging studies have demonstrated that activity patterns in early visual areas 1 predict stimulus properties actively maintained in visual short-term memory. Yet, the 2 mechanisms by which such information is represented remain largely unknown. In this 3 study, observers remembered the orientations of 4 briefly presented gratings, one in each 4 quadrant of the visual field. A 10Hz Transcranial Magnetic Stimulation (TMS) triplet 5 was applied directly at stimulus offset, or midway through a 2-second delay, targeting 6 early visual cortex corresponding retinotopically to a sample item in the lower hemifield. 7
Introduction
Humans sense the world in a highly visual fashion -the flow of information from the 22 eyes gives rise to an ostensibly effortless and seamless picture of our external 23 environment. Despite its apparent simplicity, visual perception requires the brain to form 24 an ongoing internal representation of all the information we are perceiving and perceived 25 just moments ago, even if this information can no longer be sensed directly. Short-term 26 memory takes center stage in the process of cognition by allowing relevant information to 27 be kept online for further computation, serving as an indispensible buffer for human 28 thought. Here, we investigated short-term memory for visual information and the role of 29 early visual cortex during the maintenance of such information. 30
How might the brain meet the computational demands associated with the maintenance of 31 information to which it no longer has access? The act of keeping visual memories online 32 involves a network of frontal [1, 2] 
and parietal [3-5] regions, as well as visual areas that 33
were involved when the information was originally sensed [6] [7] [8] [9] . The coordinated effort 34 of higher-level and sensory brain regions during the short-term retention of visual 35 information is believed to be flexible and goal dependent [10] . The dominant view in the 36 literature on short-term memory is that higher-level areas recruit sensory areas that are 37 specialized in processing the sensory analogs of specific mnemonic contents [11] [12] [13] [14] . 38
It has been suggested that sensory recruitment during visual memory is achieved in a 39 spatially global and non-retinotopic manner: While people remembered an orientation 40 presented in the left visual field, this orientation was decodable from patterns of 41 functional Magnetic Resonance Imaging (fMRI) activity originating from both ipsi-and 42 contralateral primary visual cortex (V1) [1, 15] . However, the task used in these studies 43 did not require subjects to maintain the relevant feature (here: orientation) bound to any 44 specific location on the screen. Therefore, the lack of retinotopic recruitment could also 45 be interpreted as a spread of feature-based attention [16] [17] [18] . Conversely, memory for 46 visual information does depend on retinotopically specific representations when stimulus 47 location is made relevant, and the explicit binding of stimulus contents to a particular 48 noise could act to reduce the amount of information at the TMS location in visual cortex, 107 and consequently negatively impact behavioral precision. Alternatively, at low levels of 108 noise behavioral precision could improve: If weak neural signals are below (firing) 109 threshold, a small amount of noise can push the intensity of these weak signals above 110 threshold, enhancing signal discriminability -an idea known as 'stochastic resonance ' . 111
Note that effects of noise on information transfer are non-linear, because with no (or too 112 little) noise a threshold will not be reached, while too much noise will drown out the 113 signal. Indeed, visual sensitivity is improved with low-intensity (below phosphene 114 threshold) TMS stimulation [32] , and low-intensity TMS facilitates behavior based on 115 weak, but not strong, neural signals [33] . Mnemonic signals likely rely on weak sub-116 threshold signals, and low-intensity visual cortex TMS during short-term memory has 117 indeed been shown to benefit behavior [25, 28, 34] . 118
Here we found that TMS applied during the short-term retention of orientation stimuli 119 improved overall behavioral performance in a retinotopically specific manner. This 120 localized improvement mirrored by an increase in memory precision at the TMS location. 121
Furthermore, TMS early during retention -at the tail end of encoding -resulted in a 122 global, non-retinotopic, reduction in overall performance compared to TMS late during 123 retention. This reduction in performance was mirrored by an increase in the likelihood of 124 guess-like responses. 125
Methods

Participants
Eight participants were recruited from Maastricht University (5 females; mean age = 126 25.13 years, SE = 0.81). All had normal or corrected-to-normal vision, provided written 127 informed consent, and passed a medical screening based on published safety guidelines 128 
Overall study design
We combined functional and anatomical MRI, with neuro-navigated TMS during a 132 psychophysical short-term memory task (Fig 1A) . Neuroimaging was utilized for the 133 purpose of neuro-navigation [37], allowing constant TMS stimulation sites across 134 multiple psychophysical sessions based on individually localized visual cortical activity. 135
During the first (fMRI) session, anatomical and functional localizer data were obtained. 136
The second (TMS) session determined the exact TMS target points and intensities to be 137 used throughout subsequent experimental sessions, and participants furthermore 138 performed 160 practice trials of the main psychophysical task. 139
Fig 1. Trial sequence and relative locations. (A)
Participants viewed a sample array displaying 4 randomly chosen orientations, and remembered these over a two-second delay. During this retention interval, participants received 3 pulses of real or sham TMS over their left or right hemisphere. The pulses arrived either directly at the offset of the sample array, or midway during the retention interval. A cue array indicated which of the four orientations was probed for recall, and after a short blank, participants rotated a test grating via button presses to match the cued orientation. (B) Responses at the four visual field locations were analyzed according to their position relative to the pulse. The visual field position targeted by the pulse could overlap with the memory item that was cued ('same'), the cued item could be contralateral to the affected visual field location ('contra'), it could be ipsilateral to it ('ipsi'), or diagonal to it ('diagonal'). In the example depicted here, the dorsal part of visual cortex in the right hemisphere is stimulated, targeting the lower-left visual field. Consequently, the upper left position becomes 'ipsi', the upper right position 'diagonal', the lower left 'same', and the lower right position 'contra' -relative to the visual field location affected by the TMS pulse.
During the last 5-6 sessions psychophysical data was collected while applying TMS over 140 visual cortex. A TMS coil (real or sham) was placed over either the left or the right dorsal 141 part of early visual cortex (V1/V2). Sham TMS was used to control for attentional 142 biasing effects that can arise simply from "clicking" sounds at different points in time 143
[37]. For half of our participants, a single session consisted of 4 blocks of 80 short-term 144 memory trials per block, of which three blocks involved triple-pulse TMS stimulation at 145 10 Hz, and one block involved triple-pulse sham stimulation at 10 Hz. Target hemisphere 146 (left or right) and type of stimulation (real or sham) were counterbalanced over blocks, 147 sessions, and participants. The other half of participants underwent the same procedure, 148 with one exception: they performed the blocks of sham-stimulation separately, several 149 months after completing the real TMS sessions. 150
MRI measurements
MRI acquisition
Scanning was performed at the Maastricht Brain Imaging Center (M-BIC) on a 3.0-Tesla 151
Siemens MAGNETOM Allegra scanner using a standard birdcage head coil. 
MRI data analysis
Preprocessing and analysis of the anatomical and functional MRI data were performed 161 using BrainVoyager QX software (version 2.3.0.1750, Brain Innovation, Maastricht, the 162 Netherlands). All anatomical data underwent inhomogeneity correction of signal intensity 163 across space, and a tissue contrast enhancement using a sigma filter (7 cycles, range 5). 164
Automatic grey-white matter segmentation was performed, after which manual 165 corrections were made to improve segmentation over occipital cortex. The borders of the 166 two resulting segmented sub-volumes were tessellated to produce surface reconstructions 167 Gabor patches in the short-term memory task ( Fig 1A) . Stimuli were viewed through a 176 mirror system on a back-projected screen (1024 x 768 resolution, 60 Hz refresh rate) at a 177 distance of 66 cm in an otherwise darkened scanner room. We presented our localizer in 178 two 5-minute functional runs, alternating twelve times between a 12 second fixation 179 period and a 12 second stimulus period. Participants fixated throughout (0.5º white bull's 180 eye) monitoring occasional dimming of the checkerboard (~5 times per block), which 181 was detected 43.18% of the time (SE=0.04). 182
After discarding the first 4 functional volumes, we applied automated 3D motion 183 correction, slice-scan time correction (sinc), and high pass temporal filtering (using a 184 GLM-Fourier basis set with 2 cycles) to correct for slow temporal drifts in signal 185 intensity. No spatial or temporal smoothing was applied directly. Next, the fMRI data 186 was aligned to the within-session anatomical scan via rigid-body transformations, with all 187 automated alignment carefully inspected and manually fine-tuned when necessary. 188
Functional data from both runs were combined and analyzed using a general linear model 189 (GLM; [39] 
Localization of the TMS target points
The anatomical reconstruction of a participant's head was co-registered with the chosen at the peak-activity determined with fMRI, and stimulation intensity was set at the 206 average intensity of other participants in the study. 207
TMS protocol
Biphasic TMS pulses were delivered by means of a figure-of-eight coil (MCB70) and a 208
MagPro R30 stimulator (Medtronic Functional Diagnostics A/S, Skovlunde, Denmark). 209
This setup allows for pulse strengths (defined as the rate of change in the magnetic pulse) 210 up to 148 A/µs at 100% of stimulator output, and 52 A/µs at 35% stimulator output. 211
Pulses were applied at 80% of phosphene threshold to ensure that participants did not 212 perceive visual stimulation (i.e. phosphenes) due to TMS. 213
Participants received 240 TMS pulses (3 pulses * 80 trials) during each run of the short-214 term memory task, and performed a total of 16 runs. The average pulse intensity used 215 was 34.44% (SE=0.54) of maximum stimulator output, with no significant difference 216 between the two hemispheres (mean left = 35 %, mean right = 33.88%, t = 1.386, p = 217 Consequently, data were analyzed according to the relationship between (1) the visual 253 field location targeted by the TMS pulse, and (2) the visual field location probed for 254 recall. To illustrate this analysis based on "relative location", let's assume that during a 255
0.208). 218
Short-term memory task
given block of trials the right hemisphere was stimulated with TMS, targeting the lower-256 left visual field (see also Fig 1B) . If the target was subsequently cued in the same lower-257 left quadrant, both TMS and stimulus were presented at the "same" relative location. On 258 trials where the target was cued in the upper-left quadrant (ipsilateral to the TMS-pulse 259 location) the relative location was "ipsilateral". Similarly, a target cued in the lower-right 260 quadrant is at a "contralateral" relative location, whereas a target cued in the upper-right 261 quadrant is at a "diagonal" relative location. The same logic can be applied when the coil 262 is moved to the left hemisphere, targeting the lower-right visual quadrant. 263
Note that the diagonal location represents the control quadrant, as frequently employed 264 in TMS studies of visual cortex. Such a control quadrant carries two major advantages 265 over sham stimulation. One is that the diagonal location is probed randomly inteleaved 266 with trials probing other locations, ensuring that participants are in the same general state 267 during both trial types. Second is that real TMS is applied even when participants are 268 probed at the control quadrant, ensuring that the acoustics and tactile experience during 269 these trials perfectly matches that of other probed locations. 270
To separately estimate the precision of memory for successfully remembered items and 271 the likelihood of memory failure we adopted a mixture-model approach following the 272 work of Zhang and Luck (2008) . This model summarizes data from method-of-273 trials items are remembered with a certain degree of precision, whereas on other trials 275 items are not available for recall resulting in random guesses. This idea was implemented 276 by fitting a circular Gaussian-shaped model to the distribution of orientation errors 277 (actual orientation minus reported orientation) for each condition of interest. The model 278 consisted of two key parameters: One is the standard deviation (SD), or width of the 279 circular portion of the distribution, assumed to reflect the precision of short-term memory 280 for successfully remembered items (with better precision indicated by a smaller SD). Two 281 is the relative proportion of area under the curve corresponding to a uniform distribution 282 (p-Uniform), which captures the extent to which the entire distribution needed to be 283 translated along the y-axis to account for the frequency of guess-like responses, and is 284 assumed to reflect the probability of guessing responses. We rely on these summary 285 statistics throughout this paper because they provide a useful way to capture broad trends 286 in the data and because they may signify distinct types of errors. However, it is important 287 to acknowledge that the mapping between these summary statistics and underlying 288 sources of error in the short-term memory system rely on assumptions regarding the exact 289 nature of short-term memory performance, and that competing models have been 290
proposed (e.g., [44] [45] [46] [47] [48] ). 291
Results
Absolute performance
Experimental manipulations consisted of (1) probing memory for items at various relative 292 distances from the visual field location targeted by TMS, and (2) applying TMS early or 293 late during memory retention. Moreover, TMS was applied in a counterbalanced fashion 294 either over the left-or right hemisphere, which was not expected to impact performance. 295
By performing a 3-way within-subjects ANOVA (4 relative locations x 2 pulse timings x 296 2 stimulated hemispheres) on the absolute errors (absolute difference between reported 297 and true orientation) we confirmed that the stimulated hemisphere (left or right) did not 298 affect memory accuracy (F (1,7) < 0.001; p = 0.986). 299 were being maintained in memory had a facilitative effect on memory performance, as 301 indexed by smaller errors for items proximal to the pulsed location (main effect of 302 relative location; F (3,21) = 3.951; p = 0.022; Fig 2) . Six post-hoc ANOVA's were 303 performed to investigate the origins of this main effect of location, each comparing 304 performance at two locations (each 2 relative locations x 2 pulse timings x 2 stimulated 305 hemispheres). The location effect depended on the difference between trials on which the 306 TMS pulses and probed location overlapped ('same' condition) versus when they were 307 furthest apart ('diagonal' condition, i.e. the control quadrant) (F (1,7) = 5.598; p = 0.050). 308
Fig 2. Absolute performance relative the TMS location. When a memory item was cued at the same location as targeted by the TMS pulses, the absolute response error was smaller than when a memory item was probed diagonally to the pulses. This indicated better performance on trials where memory cue location and TMS location overlap (compared to a cue diagonal to TMS). Early pulses resulted in worse performance compared to late pulses, irrespective of the cued visual field location. Trails during which TMS was administered are shown here after collapsing across both hemispheres, since stimulation site (left or right hemisphere) did not affect participant's performance. Sham data is shown collapsed across all conditions (dashed grey line), and separately for early and late sham pulses (orange and red bars). The time point at which audible sham clicks were delivered did not impact behavior. When data were collapsed across both hemispheres (as depicted here), a 4x2 ANOVA (relative location by pulse timing) revealed statistically reliable performance differences between the four visual field locations (F (3,21) = 3.483; p = 0.034) and a marginally significant effect of pulse timing (F (1,7) = 4.820; p = 0.064). Error bars depict + 1 SEM.
Comparing the two pulse-timings showed that applying TMS pulses early, directly at the 309 offset of the stimulus display, resulted in larger errors than TMS applied midway through 310 the retention interval (main effect of pulse timing; F (1, 
factors. Again, no differences were observed (F (3,21) = 0.459; p = 0.714 and t (7) = 1.013; p 324 = 0.345, for location and hemisphere respectively). The finding that there were no 325 differences between any of the conditions on sham trials is important, since our 326 manipulations could have had unintended differential attentional-cuing effects, 327 mimicking the neural effects probed via TMS. 328
Mixture-model results
To gain a deeper understanding into the functional role of early visual cortex involvement 329 during the maintenance of visual memories, we fit a mixture model to data from each 330 combination of location and pulse timing conditions (collapsed across hemispheres). This 331 allowed us to decompose the absolute errors into (1) memory precision as indexed by the 332 mixture model SD (with a smaller SD indicating better precision), and (2) the likelihood 333 of guess-like responses indexed by p-Uniform (with a larger p-Uniform indicating more 334 guessing) [27] . 335
When a memory target was probed at a location proximal to the location targeted by 336 TMS, memory recall was more precise (4 relative locations x 2 pulse timings ANOVA, 337 main effect of relative location; F (3,21) = 4.102; p = 0.019; Fig 3A) . Specifically, six post-338 hoc ANOVA's (comparing all possible pairs of relative locations) showed that memory 339 'same' condition, (F (1,7) = 7.974 ; p = 0.026) or were 'ipsilateral' to one another (F (1,7) = 341 7.658 ; p = 0.028), compared to trials on which the pulses and probed item were furthest 342 apart ('diagonal', control quadrant). 343
Fig 3. Model fits of TMS data. (A) Memory precision is represented by the mixed-model SD,
with a smaller SD indicating more precise memory. Memory was most precise when the location of a cued memory item overlapped with the location at which TMS was applied, or was ipsilateral to it, compared to diagonally to pulses. (B) When pulses were delivered early during the retention interval, participants were more likely to guess compared to pulses delivered late, irrespective of their retinotopic location relative to TMS. Parameter estimates were obtained by finding the bestfitting mixture-model (centered on 0º error of report, based on the mixed model analysis) for the frequency distribution of each condition, using a bin width of 12º (mean R 2 = 0.894 + 0.029). Bin size was chosen to maximize the mean R 2 values across the different experimental conditions. Data were collapsed across hemispheres (left and right stimulation) before fitting in order to achieve a large enough number of trials per condition to obtain reliable fits. Error bars depict + 1 SEM.
No retinotopic specificity was found for the probability of uniform responses, which did 344 not differ significantly between the four visual field locations (F (1,7) = 1.831; p = 0.172). 345
However, participants were more likely to show guess-like responses when pulses were 346 presented early during the retention interval compared to pulses presented midway 347 through retention (main effect of pulse timing; F (1,7) = 6.594; p = 0.037; Fig 3B) . This 348 increase in random responses occurred irrespective of the location at which the memory 349 item was probed (no interaction; F (3,21) = 0.712; p = 0.555). One obvious problem is that sham data could have been more variable due to the smaller 398 number of trials, making comparisons less robust (but also note that 40 trials per 399 condition is still considerable when not performing any fitting procedures). A more 400 pertinent problem is that performance during TMS is not expected to differ from 401 performance during sham outside of the TMS-targeted location. In fact, when we only 402 considered visual field locations where real TMS is expected to yield an effect (i.e. 403 overlapping with, or ipsilateral to, the targeted location) the interaction between TMS 404 condition and timing did reach significance (F (1,7) = 5.975; p = 0.044), suggesting that 405 real TMS and sham differentially affect performance at different time points of memory 406 maintenance. 407
Discussion
While participants were remembering four orientations, 10Hz triple-pulse TMS was 408 applied over early visual cortex retinotopically corresponding to the location of one of the 409 to-be-remembered items. Orientation recall differed between the four locations at which 410 stimuli had been presented, with better performance at the location targeted by TMS 411 compared to the location diagonal to TMS. Additionally, memory was impaired for early 412 (directly at stimulus offset) compared to late (midway through retention) pulses. 413
Replication errors were fit with a mixture model to reveal relative contributions of 414 changes in memory variability on the one hand, and the probability of guessing responses 415 on the other: Spatially specific improvements proximal to the pulse were attributed to 416 reduced response variability, implying that memory precision can be improved locally by 417 means of TMS. Global impairments for early compared to late pulses were due to an 418 increased likelihood of guess-like responses, implying retinotopically aspecific 419 disturbances due to TMS at the tail end of encoding. A cartoon-summary of these 420 findings is shown in Figure 5 . None of these findings were observed with sham TMS. 421
While it is possible that performance at the four stimulus locations differed because of 422 visual field anisotropies, such anisotropic contributions were likely not driving the 423 observed TMS effects. 424 Most responses are centered on a mean replication error of 0º, and the precision with which this replication is achieved is captured by the mixture model SD parameter (smaller SD indicates more precision). Some responses appear to be are random guesses, indicated by the probability of guesses or 'uniform responses' (< pUniform means less guessing). A mixture model fit to the response errors is depicted in thick orange lines. The two rightmost panels provide a cartoon summary of our main results (exaggerated and simplified for illustrative purposes). First, the main effect of relative location is shown by increased memory precision (SD) at the location targeted by TMS ('same') compared to the control quadrant ('diagonal') for both early and late TMS pulses (compare SD at four visual field locations). Second, the main effect of pulse timing is shown by increased guessing when pulses were applied early compared to pulses applied late irrespective of visual field location (compare p-Uniform between middle and right most panels). intriguing possibility that could be tested empirically in the future. 457
Second, a higher likelihood of guessing responses for early compared to late pulses 458 implied that different processes (or global cognitive 'states') were occurring at different 459 stages of the retention interval. A brain 'state' can refer to many things like general 460 arousal level, attention or inattention, being trained or untrained, adapted or unadapted, 461 etc. Acknowledging that TMS interacts with the initial brain state helps frame prior 462 studies applying TMS over visual cortex during short-term memory maintenance, 463 unveiling both performance decrements [23, 24, 28] , as well as improvements [28, 34] . 464
Specifically, it has been proposed that TMS may preferentially activate neurons in low 465 initial activation states (i.e. low firing) relative to more active populations [30, 60, 61] . 466
Alternatively, the effect of TMS on neuronal firing is monotonic, but behavioral effects 467 the sensory neurons [62] . Either way, additional mechanisms beyond global brain states 469 must be assumed to account for local improvements in memory precision that exist 470 independent (and in addition to) the global TMS timing effects reported here. 471
First, TMS might enhance processing of a memorized orientation locally. For example, 472
we used low-intensity TMS, which could protect local populations of neurons at the TMS 473 location against temporal decay by pushing weak signals above threshold. A related idea 474 is that TMS enhancement depends on non-monotonic intensity responses [62] as 475 mentioned above: The first basic premise is that TMS acts via a wholesale multiplication 476 of neural responses. The second premise is that while remembering an orientation, the 477 memory trace of that orientation in a population of orientation selective neurons is weak, 478 with firing rates only slightly elevated above baseline. In terms of intensity response, the 479 remembered orientation has a response that is slightly larger than that of not-remembered 480 orientations. However, because of the nonlinearity of intensive response profiles, a 481 wholesale multiplication by any factor due to TMS would result in higher signal-to-noise 482 for the remembered orientation. Conceivably, such signal-to-noise benefits could be 483 These 'local' and 'distributed' hypotheses about improved processing at the TMS 521 location, while thought-provoking, should be tested empirically in future work to 522 ascertain their true value. To that, we'd like to add some additional considerations 523 regarding the work presented here. First, noisy performance from a couple of participants 524 precluded reliable fitting using Maximum Likelihood Estimation. Instead we binned the 525 data in bins of 12º before deriving parameter estimates. While rather coarse, this bin size 526 was chosen to maximize R 2 values, and results were comparable for analyses using 527 smaller bins (i.e. 8º or 10º). Error fitting performed in this way is purely empirical, unlike 528 model fitting, and could even be considered the better choice here. However, it should be 529 noted that when applying a maximum likelihood approach the directionality of effects 530 was preserved, but neither precision differences across the visual field (F (3,21) = 1.837; p = 531 0.171), nor the pulse timing effects on guessing responses (F (1,7) = 2.854; p = 0.135) 532 remained significant. 533
Second, TMS effects are usually small, and people's response to TMS highly variable, 534 which is why TMS results generally benefit from large sample sizes. Instead, here we 535 opted for an in depth psychophysical approach, spanning many sessions and trials. The 536 strength of our design is that it allowed us to investigate the mechanistic underpinnings 537 memory maintenance in visual cortex. Our findings dovetail previous reports of 538 retinotopically [24] and temporally [28] specific effects of visual cortical TMS on short-539 term memory. In addition, our findings suggest that memory precision is affected 540 retinotopically, while effects of pulse timing are likely a matter of global state-like 541 processes. The trade-off however, was a relatively smaller number of participants. 542
Despite these cautionary notes, our results provide several consistent and intriguing 543 findings. Combining the mixture-model with TMS offered novel insights into the role of 544 early visual cortex during the short-term retention of visual items in memory, while 545 affirming the involvement of these areas. We were able to uncover a double dissociation, 546
showing local changes in memory precision at the TMS location, and global changes in 547 guess rates contingent on pulse timing, with more frequent guesses for TMS applied at 548 the tail end of encoding compared to midway during the delay. Our work adds to an 549 existing literature demonstrating retinotopically specific sensory recruitment [8] and early 550 visual cortex TMS impacting visual short-term memory [24, 25, 28] . 
